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We investigated individual differences in interactively exploring 3D virtual objects. 36 participants
explored 24 simple and 24 difﬁcult objects (composed of respectively three and ﬁve Biederman geons)
actively, passively, or not at all. Both their 3D mental representation of the objects and visuo-spatial abil-
ity was assessed. Results show that, regardless of the object’s complexity, people with a low VSA beneﬁt
from active exploration of objects, where people with a middle or high VSA do not. These ﬁndings extend
and reﬁne earlier research on interactively learning visuo-spatial information and underline the impor-
tance to take individual differences into account.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
The ability to imagine objects three-dimensionally is crucial for
object recognition. In the past decades, the underlying mechanism
of object recognition is thoroughly studied. A wide variety of
research ﬁelds ranging from neuro-physiology to computer vision
has described how perceptions of objects lead to higher-level men-
tal representations that support object recognition; for a review,
see Peissig and Tarr (2007). It is generally theorized that mental
representations of objects are the product of processing informa-
tion in visual spatial working memory (VSWM). However, two
important ﬁndings reﬁne how three-dimensional (3D) mental rep-
resentations are formed from two-dimensional (2D) images. First,
constructing mental representations of objects is not merely a vi-
sual process. Manual interactions, both real and virtual (i.e., mov-
ing a mouse to control 3D shapes) during familiarization with
objects increase to what degree mental representations are formed
(Harman, Humphrey, & Goodale, 1999; James, Humphrey, &
Goodale, 2001; James et al., 2002). Second, the efﬁciency with
which 3D mental representations are formed is notably varied
across groups of individuals; cf. Cornoldi and Vecchi (2003) and
Voyer, Voyer, and Bryden (1995). The current paper puts these
ﬁndings together and investigates individual differences in the ef-
fect of interactive exploration of objects.ll rights reserved.Since Marr and Nishihara (1978) posed their idea how 3D object
representations are formed from 2D retinal images, a large amount
of empirical research is conducted on how these representations
are used to recognize objects. Generally, building mental represen-
tations of objects is considered as a visual process. However, more
recent studies have provided evidence that motoric processes as
well play a signiﬁcant role in the system underlying 3D object rep-
resentations. In particular, research revealed the existence of a
motoric component in imaginary object manipulations, such as
mental rotations (e.g., Wexler, Kosslyn, & Berthoz, 1998;
Wiedenbauer, Schmidt, & Jansen-Osmann, 2007; Wohlschläger &
Wohlschläger, 1998). So, it is possible that the inclusion of this mo-
toric component in 3D object representations facilitates better
access to these representations at a later time. Thus, when a novel
view of a familiar object is perceived, the object representation is
more easily mentally rotated: e.g., for comparison. Consequently,
the object is better recognized.
The importance of motoric activity for building mental repre-
sentations in VSWM was also revealed by a study of Christou
and Bülthoff (1999). These researchers compared active explora-
tion of scenes to passive observation of an identical exploration.
In their study, active explorers navigated through a 3D environ-
ment and passive observers watched a recorded movie of the
active explorers. To ensure that active and passive observers at-
tended the environment equally, they were required to respond
to certain markers in the environment. Afterwards, all participants
were tested on a recognition test, in which they had to identify
images of familiar scenes (i.e., that they had encountered before)
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unmarked familiar scenes after active exploration better than after
passive observation, but there was no difference between the two
conditions for marked scenes. From these results these researchers
concluded that building mental representations is view dependent
and that the ability to freely control viewpoints during active
exploration facilitates more complete mental representations.
A similar effect of interactivity was found for the exploration of
3D objects. Harman, Humphrey, and Goodale (1999) suggested
that interactive learning increases visual spatial storage of 3D
objects, because it allows observers active control over their views
upon which they can focus. These researchers showed that interac-
tive exploration of objects in a virtual environment increases sub-
sequent visual recognition of these objects. In this study,
participants were instructed to study a set of novel 3D objects
either interactively or passively. In the interactive condition they
controlled the views of the objects manually, whereas in the pas-
sive condition they observed the same sequences of images of
these objects. Next, they presented 2D images of objects on which
decisions were made whether or not these objects were previously
studied. Harman et al. found that performance was increased with
interactively explored objects compared to passively observed ob-
jects. In addition, James et al. (2001, 2002) showed that partici-
pants spend more time on plane views (i.e., ‘‘side” and ‘‘front”) of
the objects during interactive exploration. This suggests that active
control over this type of views is important for visual spatial stor-
age of objects.
However, the studies of Harman et al. (1999) and James et al.
(2001, 2002) did not take an important factor into account. Pro-
cessing information in visual spatial working memory (VSWM) is
strongly inﬂuenced by an individual’s characteristics such as gen-
der, age, or ability (Cornoldi & Vecchi, 2003; Stone, Buckley, &
Moger, 2000; Voyer et al., 1995). For example, Luursema, Verwey,
Kommers, Geelkerken, and Vos (2006) found that interactive learn-
ing of anatomical structures correlates with VSA. These researchers
showed that especially participants with a low VSA increased their
anatomical knowledge from interactive learning. These results
suggest that interactive learning might trigger certain visuo-spatial
processes in individuals with low VSA that aid the efﬁciency with
which 3D information is represented.
The study described above suggested that individual differences
play an important role in the formation of mental representations
in visuo-spatial memory. However, the inﬂuence of VSA on interac-
tive learning of 3D objects is not yet investigated. Therefore, in the
present study we examined whether the effect of interactive learn-
ing of objects varies for groups with a different VSA. It was impor-
tant to carry out this research for the reason that an effect of VSA
on interactive learning can implicate the general assumption that
the effect of interactivity is the same for all groups of people. Fur-
thermore, studying the inﬂuence of VSA will further deﬁne under
what conditions interactivity aids learning of visuo-spatial infor-
mation, such as 3D objects.
In an experiment, we utilized a task comparable to that of Har-
man et al. (1999) and James et al. (2001, 2002). Participants ﬁrst
explored 3D objects passively or actively and, subsequently, per-
formed a task in which the objects were tested. In addition to
the previous studies, we intended to investigate whether the effect
of interactively learning 3D objects was dependent on the partici-
pants’ VSA. Based on the research of e.g., Cornoldi and Vecchi
(2003) and Luursema et al. (2006), we expected that interactive
learning will support those with low VSA, whereas those with high
VSA perform similar under passive or active learning conditions.
The present experiment differed from the earlier studies
Harman et al. (1999) and James et al. (2001 2002) on the follow-
ing aspects. First, the participants were tested on a mental rota-
tion task in contrast to the previous studies, in which either arecognition task or a perceptual matching task was used. A men-
tal rotation task requires additional mental processing and the
ability to mentally transform object representations in VSWM
(Shepard & Metzler, 1971). Consequently, a mental rotation task
is more difﬁcult to perform than a recognition or perceptual
matching task. We expected that a mental rotation task would
reveal the difference in effect of interactive learning between
participants with low and high VSA more evidently. Second, to
determine the participants’ VSA, they received a standard pen
and paper test prior to the experiment. The results of this pen
and paper test were then related to the performance in the test
phase. Third, we were interested to what degree the participants
formed mental representations after active and passive explora-
tion and whether they used these representations on a subse-
quent test phase. Therefore, an extra condition was added to
the experiment in which participants were not able to explore
objects. Consequently, participants were not able to build up ob-
ject representations and their performance in this condition
formed a baseline for the test phase. Fourth, we added the
object’s complexity as a research variable. This was done to
investigate whether the effect of interactive learning depended
on the object’s complexity. It is possible that participants with
a low VSA beneﬁted more from interactivity when they studied
complex objects.2. Methods
2.1. Participants
Thirty-six university students (26 women and 10 men), age of
18–26 years (M = 20) participated in exchange for course credits.
All participants had normal or corrected to normal visual acuity,
had no known neurological or visual disorders, and were naïve
concerning the purposes of the experiment.2.2. Materials and apparatus
For the experiment, 48 novel non-symmetric three-dimensional
objects were created with the 3D modeling program Art of Illusion
(Free Software Foundation, Inc.). The objects were constructed
from a set of 24 ‘‘geon-like” components (Biederman, 1987). Each
object consisted of a big centre component with smaller compo-
nents directly attached to it. In total, 24 ‘‘simple” objects, consist-
ing of three components, and 24 ‘‘complex” objects, consisting of
ﬁve components, were created. In addition, mirrored versions of
the objects were created by removing one of the smaller compo-
nents and by placing these on the opposite side of the centre com-
ponent. The objects were gray scale and equal in their illumination
and luminance. These 3D objects were used as both study and test
objects (see for examples Figs. 1 and 2).
A desktop computer was used with a 17” Philips 107-T5
60 Hz monitor running Authorware 7.01 (Macromedia, Inc.) and
the Cortona VRML Client 5.1 (Parallel Graphics, Inc.) plug-in,
using the ActiveX option in Authorware that enabled the presen-
tation of the study objects. E-Prime 1.1 (Psychology Software
Tools, Inc.) presented the test objects and acquired the necessary
response data through a standard keyboard and mouse.
Study and test objects were presented on a gray background
(184.0 cd/m2) at a viewing distance of 60 cm. Study objects were
presented in the centre of the screen with a mean diameter of
20 cm. Test objects were presented in pairs, left and right on the
screen, with a mean diameter of 10 cm. The left object was termed
the ‘‘original” object, as it was identical to one of the study objects.
The right object was the ‘‘target” object: it was either the same or a
mirrored version of original object. All target objects were 180
Fig. 2. Screenshots of the displays as shown in the test phase. The left displays depict identical objects, the right displays mirrored objects. Target objects (right on the
display) were always rotated over one of its axes compared to the original objects (left). Each object was displayed six times in total; rotated over each of its axes, identical
and mirrored.
Fig. 1. Schematic overview of the different exploration conditions. The baseline (left), in which participants conducted a simple math task, the passive (middle), and the
active (right) conditions.
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objects.
2.3. General procedure and design
Before the experiment started, participants were tested on their
VSA, using Vandenberg and Kuse’s Mental Rotations Test (MRT-A)
(Peters et al., 1995; Vandenberg & Kuse, 1978). This test was used
to determine to what degree participants were able to mentally
rotate Shepard and Metzler’s objects (1971). Participants com-
pared an original object to four rotated alternatives and identiﬁed
the two identical objects from them. In 3 min, participants com-
pleted as many trials as possible from a total of 24 trials. The num-
ber of correct trials determined the participant’s test score and
subsequent VSA group (low, middle, or high ability) allocation.After the participants had received explicit instructions to study
the 3D objects as thoroughly as possible, the experiment started
with 2 blocks of practice trials followed by 12 blocks of experimen-
tal trials. The three exploration conditions, each covering four
blocks, were counterbalanced across participants. A block of trials
consisted of a study phase and a test phase. Each block comprised
two simple and two complex objects randomly drawn, with the
order of object complexity counterbalanced.
2.4. Study phase procedure
Each block started with a study phase in which participants
studied four objects in one of three exploration conditions. In the
passive exploration condition, participants observed 3D objects,
while these objects rotated 360 over the x-axis, y-axis, and z-axis,
Table 1
Overview of the VSA groups with their MRT-A scores (ranging from 0% to 100% correct
answers).
VSA group n Mean SD Min Max
Low 12 33.3 8.0 16.7 45.8
Middle 12 54.8 3.5 50.0 58.3
High 12 71.2 8.2 58.3 88.0
Total 36 55.8 15.1 16.7 88.0
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exploration condition, participants were able to explore objects
interactively by rotating the object in any direction with a com-
puter mouse (Fig. 1, right frame). Each object was presented for
30 s, with a 5 s interval between objects. In a third condition, par-
ticipants conducted a simple math task and studied no objects
(Fig. 1, left frame). The math task was used to keep the participants
occupied during the same period in which four objects were stud-
ied (i.e., 140 s) and provided the participant’s base-line condition
for the test phase. Performance in the base-line condition reﬂected
the participant’s general ability to rotate unknown objects.
2.5. Test phase procedure
Each test trial started with a 750 ms presentation of a black ﬁx-
ation cross in the centre of the screen followed by an original and a
target object, presented simultaneously on the screen (Fig. 2). Tar-
get objects were presented with either a 180 rotation over the x-,
y-, or z-axis, and identical or mirrored compared to the original
object. When these two objects appeared, the participants were
required to determine as quickly and accurately as possible
whether or not these objects were identical. These test objects re-
mained visible until a key-response was given: m for same object, z
for mirrored object. Response latency and accuracy were recorded
automatically. No feedback was given until the end of the test
block. This procedure continued until response was given on the
four previously studied objects, with six different test trials per
object; i.e., rotated once over each axis and identical as well as mir-
rored. So, each test block contained 24 test trials. A total of 288
responses were given in the 12 blocks of the complete experiment.Fig. 3. The percentage of correctly identiﬁed target objects during the test phase for
each VSA group, with their mean standard error indicated. Each bar represents the
mean accuracy of both the simple and complex objects together.3. Results
Per block, trials in which reaction times exceeded three times
the standard deviation from the mean were discarded. In total,
three percent of the data set was excluded from our analyses. Reac-
tion times and accuracy data were analyzed using two separate
repeated-measures 3  2  3 ANOVAs, with exploration condition
(baseline, passive, and active) and object complexity (simple and
complex) as within-subjects variables and VSA group (low, middle,
and high) as between-subjects variable. Planned comparisons were
performed to test whether the participants improved their perfor-
mance differently after active compared to passive exploration of
objects, in the low, middle, and high VSA groups. Two additional
repeated-measures 3  2  2 ANOVAs were run on the reaction
times and accuracy data to investigate a possible effect of gender
difference, with exploration condition (baseline, passive, and
active) and object complexity (simple and complex) as within-sub-
jects variables and gender (male, female) as between-subjects
variable.
3.1. Pre-test
The between-subjects variable VSA group consisted of a low,
middle, and high VSA group, each group comprising 12 participants.
The participants were divided into the three groups according to
their scores on the MRT-A pre-test; for an overview, see Table 1.
3.2. Accuracy
Participants were more accurate in their decisions after the
active exploration (M = 79.7%) than after the passive exploration
(M = 78.8%) and after the base-line condition (M = 74.9%),
F(2, 66) = 9.61, p < .001. A difference between the base-line condi-
tion and both the passive and active exploration conditions wasrevealed (F(1, 33) = 13.14, p = .001), but not between passive and
active exploration speciﬁcally (F(1, 33) = 1.27, p = .260). A main
effect of object complexity was present, F(1, 33) = 15.58, p < .001.
Regardless of exploration condition, participants were more accu-
rate mentally rotating simple (M = 79.7%) than complex objects
(M = 75.9%). Furthermore, an effect of VSA group was revealed,
F(1, 33) = 8.68, p = .006 (for an overview see Fig. 3). The high VSA
group was more accurate (M = 78.9%) than the middle VSA group
(M = 76.2%) and the low VSA group (M = 71.9%).
Moreover, with the base-line condition discarded, the repeated
measures ANOVA revealed a signiﬁcant interaction between VSA
group and exploration condition, F(2, 33) = 5.45, p = .009. Partici-
pants in the low VSA group improved their performance after
active exploration (M = 75.5%) compared to passive exploration
(M = 71.1%), F(1, 11) = 5.51, p = .009. However, participants in the
middle and high VSA groups did not, with respectively,
F(1, 11) = 1.57, p = .24 and F(1, 11) = 0.03, p = .87. The results did
not show an interaction effect between object complexity and
VSA group, F(2, 33) = 2.15, p = .13. In addition, no signiﬁcant inter-
action was found between object complexity and exploration con-
dition, F(2, 66) = 0.61, p = .54.
The repeated measures ANOVA with gender as between-sub-
jects variable did not reveal a signiﬁcant main effect of gender,
F(1, 33) = 1.11, p = .30. Male participants (M = 79.9%) were as accu-
rate as the female participants (M = 76.6) in the experiment.
Furthermore, no signiﬁcant interaction effects with object com-
plexity and exploration condition were observed.
3.3. Reaction times
A main effect of object complexity was revealed on reaction
times, F(1, 33) = 273.33, p < .001. In general, participants were fas-
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objects (M = 4857 ms). No signiﬁcant main effect was observed be-
tween the male participants (M = 4284 ms) and the female partic-
ipants (M = 4425 ms), F(1, 33) = 0.79, p = .38. Further, the data did
not reveal any signiﬁcant effects; hence, a possible speed accuracy
trade-off was ruled out (for an overview see Table 2).4. Discussion
The current study investigated the effect of interactive explora-
tion of 3D objects and the differences between individuals. Previ-
ous studies showed that participants improve their performance
on a spatial task after interactive exploration of objects, compared
to passive observation (Harman et al., 1999; James et al., 2001).
Luursema et al. (2006) suggested that only participants with a
low VSA beneﬁt from interactive exploration when studying ana-
tomical information. In line with this observation, we expected
that interactive exploration of 3D objects improves constructing
mental representations and that the effect depends on the partici-
pant’s VSA. For the purpose of our study, we divided participants
into three VSA groups (i.e., low, middle, and high) and tested them
on a mental rotation task after interactive, passive, or no explora-
tion of objects.
The lowVSAgroup increased their performanceonamental rota-
tion task after interactive exploration compared to passive observa-
tion of objects. However, the middle and high VSA groups did not.
Furthermore, the low VSA group did not increase their performance
in the passive exploration condition compared to the base-line con-
dition, whereas in the other two groups did. These ﬁndings suggest
that after either passive or active exploration of objects mental rep-
resentations are stored in memory, which are later used when per-
forming a mental rotation task. However, the differences between
the VSA groups suggest that the low VSA group only used these rep-
resentations after active exploration, whereas the middle and high
VSA groups used these after passive exploration as well. So, in con-
trast to the earlier studies of Harman et al. (1999) and James et al.
(2001), no evidence was found for a general effect of interactive
exploration across all three VSA groups.
There are two possible explanations for the absence of a general
effect. Either the participants’ VSA or the use of a mental rotation
task in the test phase resulted in the differing results from these
previous studies. Which of these manipulations caused the differ-
ent results as compared to previous studies is not clear. In the ﬁrst
case, it is possible that in the present study the mean VSA of the
participants was higher than in the earlier studies of Harman
et al. and James et al., which could have ﬂawed the main effect
of interactive learning. However, the differences in the mean VSA
between the studies is unknown. A second possible explanation
for the absence of a general effect is that the participants were
not required to refer to the object representations in order to con-
duct the mental rotation task. This could have ﬂawed the main
effect. However, the fact that the participants did use the represen-
tations in most conditions except for the passive condition in the
low VSA group is an interesting ﬁnding.
Alternatively, the effect of interactive exploration as found in
the low VSA group can also be an effect of attention. It is possibleTable 2
Overview of the mean RT in msec with their standard error of mean (SEM) for each VSA g
M (SEM) Baseline Passive
VSA group Complex Simple Complex
Low 4720 (231) 4008 (183) 5332 (34
Middle 4869 (348) 3863 (259) 4522 (33
High 4834 (315) 3685 (260) 4809 (36that participants with low VSA did not focus in the passive condi-
tion on the objects but did in the active condition, whereas the
other two groups focused on the objects in both conditions. When
participants do not view the objects during the learning phase,
they do not build up accurate mental representations from them
(see Christou & Bülthoff, 1999). However, in the instructions to
the participants prior to the experiment we emphasized that the
objects should be studied as thoroughly as possible, because these
objects would be tested afterwards. These instructions cannot fully
rule out an effect of attention, but prevented it as much as possible.
Nevertheless, future research should control for the effect of atten-
tion experimentally.
Furthermore, participants were slower and less accurate with
objects build up from ﬁve compared to three components. This
suggests that participants compared objects by their components
in the test phase rather than as a whole. James et al. (2001) sug-
gested that interactive exploration provokes participants to use a
more successful holistic strategy when processing objects. Our
experiment took the possibility into account that especially the
low VSA groups changed their strategy to a more successful one
after interactive exploration. Gauthier and Tarr (1997) already
showed that strongly familiar objects are processed more holisti-
cally, whereas unfamiliar objects are processed analytically. In line
with this ﬁnding, we expected the same principle for simple and
complex objects, since simple objects are easier familiarized than
complex objects. Thus, when participants use a holistic strategy
with simple object and an analytical strategy with complex objects,
one would expect a large difference in the test phase between the
two types of objects. When both types of objects are processed
more holistically, one would expect smaller differences in the per-
formance in the test phase. Furthermore, when the low VSA group
changed their strategy, whereas the high VSA group did not need
to, we expected to ﬁnd an interaction effect between object com-
plexity, exploration condition, and VSA group. However, only a
general effect of object complexity was found in the reaction times.
So, no evidence was found that indicates that interactive explora-
tion provoked holistic processing of objects or a strategy change
in either VSA group.
In conclusion, the studies of Christou and Bülthoff (1999), Har-
man et al. (1999) and James et al. (2001, 2002) did not take the
possibility into account that the effect of active exploration is
dependent on individual differences in VSA. The present results
suggest, however, that populations with varying VSA are differ-
ently affected by motoric activity during familiarization of objects.
Cornoldi and Vecchi (2003) pointed out the relevance of individual
differences in visuo-spatial memory. They showed the limitations
of visuo-spatial working memory and found that populations vary-
ing on certain characteristics (e.g., in age or gender) are differently
affected by these limitations. They argued that visuo-spatial
working memory is a multi-componential cognitive function,
which involves different types of visuo-spatial mechanisms (rang-
ing from passive to active storage). We propose that active storage
is stimulated by interactive learning and that populations varying
in their VSA are differently dependent on this incentive. This does
not implicate previous ﬁndings that motoric activity affects per-
ception and mental representations. However, it does reﬁne anyroup on complex and simple objects in the three exploration conditions.
Active
Simple Complex Simple
7) 4348 (282) 5145 (231) 4260 (239)
7) 3777 (248) 4812 (206) 3742 (222)
5) 3700 (236) 4671 (269) 3852 (231)
F. Meijer, E.L. van den Broek / Vision Research 50 (2010) 630–635 635conclusion suggesting that the effect is general for different popu-
lations. Therefore, our current research underlines the importance
to consider individual differences, especially in VSA, when investi-
gating the visuo-spatial system.Acknowledgments
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